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h i g h l i g h t s
 Asphalt pavement surface texture is measured using close range photogrammetry (CRP).
 CRP data processing methods and their impact on measured texture is investigated.
 The top 2 mm of the pavement surface gives the best texture-friction correlations.
 Identifies texture parameters that best correlate with GripTester-measured friction.
 The density of peaks is the most influential indicator of pavement surface friction.a r t i c l e i n f o
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This study utilizes close range photogrammetry (CRP) to measure the texture of asphalt pavement sur-
faces with a view to explaining the variation of friction measurements obtained using a GripTester. A
handheld camera was employed to capture images at different locations on both lanes of pavement sec-
tions using a scale rule for identification of control points. Proprietary software were employed for cre-
ation and analysis of 3D models from the images to determine pavement surface texture parameters.
Different scenarios were considered including pavement surface analysis before and after filtering for
micro- and macro-texture separation. Thresholding with respect to height to analyze the top 1–2 mm
of the surface was also considered. Texture parameters were then related to friction measured at the
image capture locations. The lane with higher friction values generally showed higher individual texture
parameters across different scenarios. However, meaningful texture-friction correlations along the lanes
were only obtained with the top 2 mm of the surface. Stepwise regression indicated that the density of
peaks (Spd) and the peak material volume (Vmp) best correlate (R2 = 0.75–0.76) with friction, but the
Spd is more influential. These parameters can be used as indicators of pavement surface friction during
its service life.
 2018 Elsevier Ltd. All rights reserved.1. Introduction
Pavement surface texture is defined as the deviations of the
pavement surface from a true planar surface [1]. It is typically
divided to four different scales with different wavelengths, namely,
microtexture (<0.5 mm), macrotexture (0.5–50 mm), megatexture
(50–500 mm) and unevenness (500 mm–50 m) [2]. Pavement fric-
tion or skid resistance typically increases with an improvement in
the microtexture and macrotexture scales, while megatexture and
unevenness are undesirable [3,4]. The microtexture is the surfaceroughness that is related primarily to the fine-scale angularity
and texture of aggregate particles. It helps cut through the water
film between the aggregate particle and the tire rubber and needs
to be present at any speed. The macrotexture is determined by the
size, shape, spacing and arrangement of aggregate particles in the
pavement surface. It governs pavement friction at speeds above 90
km/h on wet pavements [1,3,5].
Conventional measurement of the surface texture of asphalt
pavements have focused on the macrotexture as it is a lot easier
to measure than the microtexture. The most common techniques
for macrotexture measurements include the volumetric sand patch
method, circular texture meter and the outflow meter. More
recently, laser-based, stereo photogrammetry, and microscopy
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[3]. There is also a shift to 3D surface texture measurements, which
provide a wide range of information and better represent the char-
acteristics of the surface texture [6]. Some techniques for creation
of 3Dmodels of pavement surface texture include laser devices and
close range photogrammetry (CRP). Nevertheless, laser devices are
expensive, while an ordinary camera can be used for CRP [7]. CRP
entails estimating 3D co-ordinates of points on an object using
measurements from multiple images captured from different posi-
tions with an ordinary camera. From the images captured, 3D mod-
els of surface texture are created and analyzed using proprietary
software such as 3D Flow Zephyr Pro, Digital Surf MountainsMap,
etc [7,8]. The tools and resources required for the CRP method are
minimal and easily available.
A range of parameters can be used for surface texture character-
ization. The mean texture depth (MTD), the mean profile depth
(MPD) and estimated texture depth (ETD) from laser devices are
the most common for 2D surface texture characterization [9]. Areal
roughness parameters are used for 3D surface texture characteriza-
tion. These include height (root mean square height, arithmetic
mean height, skewness, etc), volume (material volume, void vol-
ume) and feature (density of peaks, arithmetic mean peak curva-
ture, etc) parameters. Details of the above surface texture
characterization parameters have been recently reviewed [3]. A
number of studies have attempted to deduce correlations between
some surface texture parameters and friction measured using dif-
ferent equipment. For instance, a study by Torbruegge and Wies
found no correlation between the ETD and friction measured by
the British pendulum tester [10].
Majority of the studies that investigated pavement texture-
friction relationship used laser devices and the dynamic friction
tester (DFT). A significant quadratic polynomial relation was shown
to exist between macrotexture from a laser profile tester and DFT-
measured skid resistance [11]. A number of parameters including
the MPD were used as macrotexture indicators [11]. However, no
clear positive relationship was observed between the MPD and
DFT friction in another study [6]. The peak density and the arith-
metic mean peak curvature of 3D macrotexture images from a 3D
laser scanner were observed to have significant positive influence
on friction. There was little influence from the arithmetic meanFig. 1. Pavement test sections (a) schematic and (b) mix types. Note: PRD – Percentage
(essentially the Marshall method), PMB: Polymer modified bitumen.height and the root mean square slope [6]. Similarly, the density
and sharpness of the peaks obtained after empirical decomposition
of the texture profile from a circular texture meter showed good
correlation with DFT-measured friction [12]. Another study also
identified the peak density and core material volume from 3D laser
scanner measurements as the most influential macro- and micro-
texture parameters that exhibit fairly good correlation with DFT
friction at high- and low-speed in wet conditions [13].
Only a few studies have considered the relationship between
pavement texture and friction from continuous friction measuring
equipment (CFME). CFMEs provide better detail about spatial vari-
ability of pavement friction and have gained increased attention in
recent times [5]. A study by Kanafi et al. [14] evaluated the rela-
tionship between pavement texture measured using a 3D pro-
filometer and friction measured using a portable CFME. It was
observed that the full surface profile is subjected to change in
macro- and micro-scales over time. Hence, spectral analysis cannot
separately characterize aggregate surface texture polishing at
actual road conditions. Moreover, the surface texture profile
(macro- and micro-scales) did not correlate well with friction
[14]. Another study investigated the relationship between macro-
texture of an airfield runway from a photometric stereo system
and friction from a CFME, the GripTester [15]. The photometric sys-
tem uses a minimum of three pavement surface images illumi-
nated from different directions and isolated from ambient
lighting. The variation in intensity of lighting is then used for pave-
ment surface recovery. The study showed reasonable correlation
(R2  0.5) between texture indicators (MPD, root mean square
roughness and power spectrum energy) and friction [15].
In contrast to the above works, the present study investigates
the relationship between texture measurements from a simple
and readily available technique, CRP, and a portable CFME – the
GripTester. The GripTester is an economical management device
for pavement friction evaluation. An ordinary camera can be used
to easily collect texture information in the CRP technique com-
pared to more expensive laser devices used in previous studies.
Hence, knowledge of the particular texture parameters determined
from CRP measurements that influence friction would assist in
design of asphalt pavements to meet skid resistance targets. The
objectives of this study were to:refusal density, Pen – Penetration grade, QCS – Qatar Construction Specifications
Fig. 2. Example of a typical (a) scaled dense point cloud in 3DF Zephyr Pro, (b) imported point cloud in MountainsMap, (c) levelled point cloud, (d) extracted and re-levelled
area of interest, (e) general surface form, and (f) surface after form removal.
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measured texture.
 Evaluate the texture parameters from CRP measurements that
best correlate with friction.
 Evaluate the contribution of the micro- and macro-texture
scales to the measured friction.2. Methodology
2.1. Pavement test section(s)
The texture and friction measurements were conducted on a
900-m long pavement section. It has two lanes (North-South (NS)
Fig. 3. Example of a typical (a) roughness surface, (b) waviness surface, (c) surface texture parameters table, (d) 3D view of roughness surface, and (e) 3D view of waviness
surface.
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2010 as part of an access road to a sand processing plant (Fig. 1a).
The pavement consists of six sections each 150 m long. The
wearing course layer (50-mm in thickness) was constructed using
dense graded asphalt concrete with gabbro aggregate (Fig. 1b).
Gabbro is an intrusive igneous rock that is equivalent in composi-
tion to basalt. The difference in the six sections is in the asphalt
binder type and mix design. Penetration grade (pen) 40–50, pen
60–70 and a polymer-modified bitumen (PMB) based on Pen 60–
70 with styrene-butadienestyrene (SBS) as a modifier were used
in the wearing course of the various sections (Fig. 1b). A detailed
description of the pavement test sections including information
on the base, subbase, and subgrade layers is provided elsewhere
[16].2.2. Pavement friction measurements
The GripTester was used to measure pavement friction in early
winter in October 2016. The device uses a braked wheel, fixed slip
(15%) and has transducers that directly measure the drag and load
on the test wheel skidding at just under 15% of the rolling speed. A
gearing ratio of 27:32 between the test and drive wheels is used to
achieve the 15% fixed slip. The GripTester uses a measuring tire
with 25.4 cm (10-in) diameter slick tread [17]. The permissible
speed range for the device is 5–130 km/h. However, the most usual
speed (50 km/h) for highway testing [18] was used in this study. A
water flow rate of approximately 10 L/min was used, which yields
a water film thickness of 0.5 mm for surface wetting. The pave-
ment friction output – grip number – was collected at 5-m inter-
vals in the outer wheel path of each lane of the pavement. TheGripTester-towing vehicle had an integrated global positioning
system (GPS) for the geolocation of data points. Two runs were
made across each lane and the average of the grip numbers was
used.2.3. CRP measurement of pavement surface texture
A handheld CanonTM 6D EOS digital full frame single lens reflex
camera was used to capture images. The camera also has GPS func-
tionality for geolocation determination. The images were captured
at twelve different locations (2 for each section) in the outer wheel
path in each of the lanes. Each image was captured with at least
60% forward and 30% side overlap with successive images across
the area being investigated [19]. About twelve images were cap-
tured at a given location under natural lighting conditions. A
300-mm nominal length scale rule placed on the pavement surface
during image capture was used for identification of control points.
The images were captured in the winter season a couple of weeks
after GripTester measurements of skid resistance on the pavement
sections.
The images captured for a given location were imported into
3DF Zephyr Pro v3.142 proprietary software (3DFlow, Verona, Italy)
and a dense point cloud was reconstructed from them. The control
points from the scale rule was used for scaling the dense point
cloud, which represents a 3D model of the pavement surface. The
dense point cloud was re-oriented and converted to xyz format
in an open source software, Meshlab, and then imported into a pro-
prietary software, MountainsMap Premium v7.3.7690 (Digital Surf,
Besançon, France), for analysis. The imported xyz file was then sub-
jected to a series of operations before surface texture calculations
Fig. 4. Screenshots showing the threshold operator alongside the surfaces before and after thresholding with respect to (a) 0.5% material bearing ratio, and (b) top 2 mm
height.
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Table 1
Typical surfaces (point clouds) and their texture parameters in the NS lane.
S Representative surfaces for scenarios in the NS lane Surface texture parameters
First third Middle third Final third TP First Middle Final
1. Surface after form removal Sq 0.572 0.926 0.642
Sa 0.431 0.652 0.462
Vmp 0.044 0.090 0.026
Vmc 0.449 0.641 0.479
Spd 0.007 0.007 0.006
Spc 6.27 22.6 5.24
2a. Roughness surface Sq 0.077 0.163 0.096
Sa 0.041 0.081 0.049
Vmp 0.007 0.014 0.008
Vmc 0.036 0.065 0.036
Spd 0.014 0.009 0.032
Spc 10 43.6 11
2b. Waviness surface Sq 0.56 0.899 0.634
Sa 0.422 0.63 0.456
Vmp 0.043 0.089 0.026
Vmc 0.438 0.616 0.471
Spd 0.004 0.003 0.003
Spc 1.5 3.3 1.28
3. Top 1 mm
0.5% MBR TH
Sq 0.111 8  105 2  104
Sa 0.037 2  105 1  104
Vmp 0.020 0.008 0.026
Vmc 4  105 8  106 0.037
Spd 0.008 0.003 0.023
Spc 5.08 17.6 3.96
4. Top 2 mm
0.5% MBR TH
Sq 0.364 0.194 0.464
Sa 0.259 0.051 0.38
Vmp 0.042 0.032 0.043
Vmc 0.161 4  105 0.481
Spd 0.028 0.007 0.032
Spc 5.04 19.5 4.86
Note: S: Scenario, NS: North-South, MBR: Material bearing ratio, TH: Thresholding, Sq: Root mean square height (mm), TP: Texture parameter, Sa: Arithmetic mean height
(mm), Vmp: Peak material volume at 10% MBR (mm3/mm2), Vmc: Core material volume (mm3/mm2), Spd: Density of peaks (1/mm2), Spc: Arithmetic mean peak curvature
(1/mm2).
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squares plane and extraction of the area of interest to remove
redundant data. The leveling step(s) were carried out so that height
parameters were not affected by an artificial gradient. Further-
more, the general form, which approximates to any surface rip-
pling, was removed from the area of interest using a second
order polynomial. The Robust Gaussian filter operator was also
used to separate the roughness (high frequency/microroughness)
and waviness (low frequency/macroroughness) of the surface
[6,20]. The cut-off length of the filter was classically chosen at
0.8 mm based on ISO 4288 [21], to be representative of the surface
considering the 0.5 mm wavelength border between micro- and
macro-texture [22]. Surface texture parameters were then calcu-
lated following ISO 25178-2 [23]. Examples of some of the opera-
tions carried out from post processing to surface texture
calculations are shown in Figs. 2 and 3.
Six parameters were considered for surface texture characteri-
zation. Two parameters for each of height (root-mean-square
height and arithmetic mean height), volume (peak material vol-
ume and core material volume) and feature (density of peaks andarithmetic mean peak curvature) parameters. The texture parame-
ters are described as follows [24]:
 Root-mean-square height (Sq): The Sq is equivalent to the stan-
dard deviation of heights within the defined area. It represents
the root-mean-square of ordinate values in the area.
 Arithmetic mean height (Sa): The Sa represents the average
height evaluated over the defined area. The Sa and Sq represent
an overall measure of the surface texture. However, they are
insensitive in differentiating peaks, valleys and the spacing of
the various texture features.
 Peak material volume (Vmp): The Vmp is the volume of material
comprising the surface from the height corresponding to a 10%
material-bearing ratio (MBR) level to the highest peak. It repre-
sents the volume of material that may be worn away and char-
acterizes the contact zone.
 Core material volume (Vmc): The Vmc is the volume of material
comprising the texture between heights corresponding to 10%
and 80% MBR. It represents the volume of material available
for load support after the top levels of the surface wears away.
Table 2
Typical surfaces (point clouds) and their texture parameters in the SN lane.
S Representative surfaces for scenarios in the SN lane Surface texture parameters
First third Middle third Final third TP First Middle Final
1. Surface after form removal Sq 0.575 0.818 0.681
Sa 0.417 0.564 0.485
Vmp 0.027 0.056 0.057
Vmc 0.432 0.561 0.492
Spd 0.005 0.002 0.004
Spc 4.42 7.64 5.09
2a. Roughness surface Sq 0.066 0.111 0.079
Sa 0.038 0.060 0.041
Vmp 0.005 0.008 0.008
Vmc 0.033 0.053 0.032
Spd 0.024 0.015 0.032
Spc 8.58 13.7 10
2b. Waviness surface Sq 0.567 0.805 0.673
Sa 0.409 0.553 0.478
Vmp 0.027 0.055 0.056
Vmc 0.423 0.55 0.484
Spd 0.003 0.002 0.002
Spc 1.14 1.65 1.3
3. Top 1 mm
0.5% MBR TH
Sq 2  104 8  105 8  105
Sa 1  104 1  105 2  105
Vmp 0.026 0.007 0.008
Vmc 0.043 6  105 9  106
Spd 0.021 0.0002 0.001
Spc 3.58 5.55 4.2
4. Top 2 mm
0.5% MBR TH
Sq 0.449 0.172 0.209
Sa 0.362 0.040 0.071
Vmp 0.026 0.020 0.036
Vmc 0.434 4  105 1  104
Spd 0.020 0.003 0.004
Spc 4.22 5.56 5.12
Note: S: Scenario, SN: South-North, MBR: Material bearing ratio, TH: Thresholding, Sq: Root mean square height (mm), TP: Texture parameter, Sa: Arithmetic mean height
(mm), Vmp: Peak material volume at 10% MBR (mm3/mm2), Vmc: Core material volume (mm3/mm2), Spd: Density of peaks (1/mm2), Spc: Arithmetic mean peak curvature
(1/mm2).
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making up the surface. It affects the manner in which the peaks
undergo elastic and plastic deformation under load.
 Arithmetic mean peak curvature (Spc): The Spc is the mean peak
curvature for the various peak structures. It affects the degree of
elastic and plastic deformation of a surface under loading.
Surface texture parameters were determined for four scenarios,
namely, the:
 (1) Surface (point cloud) after form removal.
 (2a) Roughness and (2b) waviness surfaces mentioned previ-
ously from scenario 1.
 (3) Top 1 mm after 0.5% MBR removal from the top of the sur-
face in scenario 1.
 (4) Top 2 mm after 0.5% MBR removal from the top of the sur-
face in scenario 1.
Scenarios (3) and (4) involved applying the thresholding opera-
tor with respect to material ratio and height to extract the thresh-
olded zone for surface texture analysis. The 0.5% MBR threshold
based on depth from the highest point was first applied on a given
surface after form removal to eliminate any extreme elevations(Fig. 4a). Its application affected only 0.5% of the point cloud data.
The 1-mm or 2-mm height threshold was applied thereafter using
the corresponding ‘‘Slices threshold” to ascertain the projected
area involved (Fig. 4b). The choice of the top 1–2 mm of the surface
was based on the hypothesis that the GripTester tire envelops
pavement surface particles up to 2 mm in depth.2.4. Statistical analysis
Simple descriptive statistics such as mean and standard devia-
tion were employed for data presentation. Multiple linear regres-
sion analysis was also carried out to determine surface texture
parameters that significantly influence pavement friction using
the stepwise variable selection method [25]. The regression
method adds variables with the largest contribution to the model
based on the Student’s t statistic and the 0.05 significance level.
It also uses the Fisher’s F test for the null hypothesis that there is
no effect of the explanatory variables for each model at the 0.05
significance level. In addition, the coefficient of determination
(R2) was used to compare different models. The statistical analyses
were carried out using XLSTAT v2017.3 software (Addinsoft, New
York, USA).
Fig. 5. Texture parameters (a) Sq, (b) Sa, (c) Vmp, (d) Vmc, (e) Spd and (f) Spc of the pavement surface after form removal (Scenario 1).
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3.1. Relationships between texture parameters and grip number
Typical surfaces in the first, middle and final third of both lanes
of the test pavement and their texture parameters are shown in
Tables 1 and 2, respectively. Figs. 5–8 show the texture parameters
for all twelve points measured in each of both lanes and their rela-
tionship to friction (grip number) for scenarios 1–4, respectively. In
the figures, the correlation coefficient (R) is shown for each lane
and for all data points from both lanes since both lanes have differ-
ent textures. The SN lane is more polished than the NS lane (seeFig. 1) probably due to slight differences in the gabbro aggregates
used as was noticed from visual inspection of the aggregate parti-
cles. Based on visual observations, fine- and coarse-grained gabbro
were probably used for the SN and NS direction lanes, respectively.
Differences in the traffic and loads of the trucks (e.g. half and fully
loaded) in the NS and SN directions may also influence the polish-
ing level.
Tables 3 and 4 show the exact locations of the 12 texture and
friction measurements for the NS and SN lanes, respectively. The
average grip number for the 12 locations in the NS lane was 1.5
times higher than in the SN lane (Tables 3 and 4). The NS lane with
higher grip numbers also generally showed higher individual tex-
Fig. 6. Selected texture parameters for pavement surface roughness, namely, (a) Sq, (c) Vmp and (e) Spd, and pavement surface waviness, namely, (b) Sq, (d) Vmp and (f) Spd
(Scenario 2).
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ascribed to the aforementioned difference in the polishing level
of both lanes. The height and volume parameters were roughly
1.1 times higher in the NS lane than the SN lane, while the feature
parameters were 1.6 times higher. The ratio of the feature param-
eters in the NS and SN lanes is very similar to the ratio of the aver-
age grip numbers for both lanes. This shows the importance of
these parameters (Spd and Spc) to GripTester-measured friction,
which agrees with observations made using the DFT [6]. Highervalues of Spd and Spc would cause increase in contact stresses,
which leads to greater deformation and hysteretic stress [6]. High
pressures are set up on sharp edges in the pavement surface, which
assists in breaking through the lubricating water film between the
tire and the pavement surface [26]. Thus, the presence of sharp
peaks on the pavement surface would largely influence the skid
resistance. The only major exception to the above was in Scenario
2a for the roughness surface (or microtexture). The height and vol-
ume parameters were 1.3 times higher in the NS lane than the SN
Fig. 7. Texture parameters (a) Sq, (b) Sa, (c) Vmp, (d) Vmc, (e) Spd and (f) Spc of the top 1 mm of the pavement surface after 0.5% MBR removal (Scenario 3).
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scenario. This implies a better microtexture in the NS lane than
SN lane and similar macrotexture, in terms of height and volume
parameters. However, the macrotexture (waviness surface) was
quite better in the NS lane than the SN lane in terms of feature
parameters.
The surface after form removal (scenario 1, Fig. 5) showed neg-
ative or very weak positive correlations with grip number for the
height and volume parameters. While weak positive correlations
were generally observed for the feature parameters. The correla-
tion trend in Scenario 2 is similar to that of Scenario 1. The heightparameters indicated physically meaningful but weak positive cor-
relations for each of, and both lanes after application of the 0.5%
MBR and (1–2 mm) height thresholds (Scenarios 3 and 4). With a
few exceptions, all six parameters also showed positive correla-
tions with the grip number, especially with the top 2 mm of the
surface (Figs. 7 and 8). Strong correlations (R = 0.74–0.78) were
observed for the Vmp and Spd for the NS and SN lanes with the
top 2 mm (Fig. 8). The Vmp showed a moderate positive (R =
0.557) correlation for both lanes. This is similar to the findings of
a previous study, which identified the Spd and Vmc as the most
influential parameters for DFT friction [13]. The presence of strong
Fig. 8. Texture parameters (a) Sq, (b) Sa, (c) Vmp, (d) Vmc, (e) Spd and (f) Spc of the top 2 mm of the pavement surface after 0.5% MBR removal (Scenario 4).
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cessing of point cloud data to remove extreme/superfluous heights
is required to obtain meaningful texture-friction relationships. The
absence of strong correlations for parameters other than the Vmp
and Spd is probably because the parameters are insensitive in dif-
ferentiating sharp peaks/projections on the pavement surface. The
friction coefficient under wet conditions is closely related to the
pressure over the contact area between tire rubber and individual
coarse aggregate projections in the pavement surface. The neces-
sary pressures for skid resistance are unlikely to be set up onrounded or polished projections, regardless of their size or the load
applied to them [26].
3.2. Stepwise multiple linear regression analysis
The stepwise regression for Scenarios 1–3 generally did not
generate meaningful models for the texture-friction relationship.
For instance, models with texture parameters (e.g. Sq) that showed
negative correlation with grip number are not physically meaning-
ful (see Figs. 5–7 and Table 5). While the models with Spd for all
Table 3
Locations of the individual texture and friction measurements in the NS lane.
S TP Distance from start point in the NS direction (m)
43 74 162 208 302 388 476 544 612 687 778 835
1. Surface after form removal Sq 0.687 0.572 0.589 0.809 0.840 1.120 0.731 0.926 1.190 0.700 0.666 0.642
Sa 0.506 0.431 0.432 0.612 0.594 0.824 0.517 0.652 0.873 0.496 0.491 0.462
Vmp 0.031 0.044 0.051 0.028 0.028 0.080 0.051 0.090 0.095 0.035 0.030 0.026
Vmc 0.529 0.449 0.437 0.668 0.596 0.866 0.532 0.641 0.876 0.503 0.514 0.479
Spd 0.003 0.007 0.011 0.002 0.004 0.003 0.003 0.007 0.006 0.005 0.006 0.006
Spc 6.64 6.27 13.40 3.39 5.16 11.90 11.60 22.60 24.00 6.66 6.46 5.24
2a. Roughness surface Sq 0.106 0.077 0.079 0.098 0.089 0.181 0.126 0.163 0.228 0.101 0.109 0.096
Sa 0.062 0.041 0.044 0.051 0.047 0.106 0.057 0.081 0.111 0.054 0.058 0.049
Vmp 0.007 0.007 0.007 0.009 0.007 0.015 0.010 0.014 0.020 0.008 0.009 0.008
Vmc 0.056 0.036 0.035 0.038 0.038 0.093 0.042 0.065 0.088 0.045 0.045 0.036
Spd 0.011 0.014 0.022 0.019 0.011 0.012 0.005 0.009 0.011 0.024 0.022 0.032
Spc 13.50 10.00 18.90 9.43 15.40 23.10 20.50 43.60 44.20 12.90 13.20 11.00
2b. Waviness surface Sq 0.667 0.560 0.574 0.805 0.831 1.110 0.716 0.899 1.150 0.685 0.657 0.634
Sa 0.490 0.422 0.420 0.609 0.586 0.818 0.506 0.630 0.848 0.483 0.483 0.456
Vmp 0.030 0.043 0.051 0.028 0.027 0.081 0.049 0.089 0.093 0.035 0.030 0.026
Vmc 0.510 0.438 0.423 0.665 0.587 0.863 0.522 0.616 0.846 0.487 0.503 0.471
Spd 0.002 0.004 0.005 0.002 0.002 0.001 0.001 0.003 0.003 0.003 0.003 0.003
Spc 1.34 1.50 1.58 1.13 1.11 6.03 4.78 3.30 3.09 1.39 1.43 1.28
3. Top 1 mm
0.5% MBR TH
Sq (x104) 1.450 1.110 0.950 1.620 1.570 0.900 1.790 0.842 0.842 1.210 1.530 1.680
Sa (x104) 0.730 0.373 0.253 0.929 0.888 0.198 1.180 0.157 0.170 0.497 0.821 1.010
Vmp 0.030 0.020 0.013 0.028 0.027 0.010 0.023 0.008 0.009 0.027 0.029 0.026
Vmc (x104) 113 0.375 0.212 276 260 0.118 544 0.082 0.099 0.625 190 366
Spd 0.025 0.008 0.009 0.009 0.026 4  104 0.031 0.003 0.003 0.016 0.019 0.023
Spc 5.04 5.08 12.7 2.73 3.96 5.54 3.25 17.6 15.4 4.87 4.43 3.96
4. Top 2 mm
0.5% MBR TH
Sq 0.456 0.364 0.296 0.492 0.475 0.224 0.471 0.194 0.209 0.410 0.459 0.464
Sa 0.375 0.259 0.172 0.414 0.398 0.072 0.387 0.051 0.064 0.326 0.377 0.380
Vmp 0.030 0.042 0.048 0.042 0.027 0.038 0.047 0.032 0.032 0.033 0.029 0.043
Vmc 0.422 0.161 0.060 0.466 0.510 0.000 0.491 4  105 6  105 0.323 0.489 0.481
Spd 0.026 0.028 0.033 0.013 0.021 0.028 0.032 0.007 0.007 0.031 0.017 0.032
Spc 6.18 5.04 11.5 3.34 4.79 9.55 3.96 19.5 19.7 5.84 5.59 4.86
Grip number 0.34 0.38 0.38 0.34 0.29 0.32 0.34 0.29 0.27 0.34 0.28 0.36
Note: S: Scenario, NS: South-North, MBR: Material bearing ratio, TH: Threshold, Sq: Root mean square height (mm), TP: Texture parameter, Sa: Arithmetic mean height (mm),
Vmp: Peak material volume at 10% MBR (mm3/mm2), Vmc: Core material volume (mm3/mm2), Spd: Density of peaks (1/mm2), Spc: Arithmetic mean peak curvature (1/mm2).
The texture parameters are approximated values so may result in slightly different R-values from those in Figs. 5–8.
Table 4
Locations of the individual texture and friction measurements in the SN Lane.
S TP Distance from start point in the NS direction (m)
43 74 162 208 302 388 476 544 612 687 778 835
1. Surface after form removal Sq 0.737 0.729 0.575 0.606 0.763 0.616 0.818 0.890 0.876 0.664 0.862 0.681
Sa 0.515 0.509 0.417 0.450 0.545 0.460 0.564 0.629 0.641 0.499 0.626 0.485
Vmp 0.040 0.037 0.027 0.035 0.033 0.035 0.056 0.050 0.043 0.039 0.049 0.057
Vmc 0.511 0.504 0.432 0.466 0.554 0.483 0.561 0.636 0.657 0.522 0.633 0.492
Spd 0.003 0.002 0.005 0.003 0.003 0.005 0.002 0.002 0.004 0.003 0.003 0.003
Spc 3.84 3.79 4.42 3.99 5.33 5.94 7.64 6.88 15.10 5.02 8.03 5.09
2a. Roughness surface Sq 0.078 0.080 0.066 0.073 0.115 0.061 0.111 0.100 0.102 0.134 0.105 0.079
Sa 0.035 0.042 0.038 0.039 0.064 0.035 0.060 0.055 0.047 0.085 0.058 0.041
Vmp 0.005 0.006 0.005 0.005 0.008 0.005 0.008 0.007 0.007 0.010 0.007 0.007
Vmc 0.025 0.034 0.033 0.033 0.057 0.030 0.053 0.048 0.036 0.080 0.050 0.032
Spd 0.003 0.017 0.024 0.006 0.008 0.041 0.015 0.006 0.010 0.025 0.004 0.032
Spc 16.70 10.50 8.58 11.00 15.80 8.07 13.70 18.80 35.40 6.67 27.90 10.00
2b. Waviness surface Sq 0.728 0.722 0.567 0.599 0.752 0.607 0.805 0.878 0.831 0.652 0.847 0.673
Sa 0.508 0.502 0.409 0.444 0.536 0.452 0.553 0.619 0.597 0.489 0.614 0.478
Vmp 0.039 0.037 0.027 0.035 0.033 0.034 0.055 0.050 0.045 0.039 0.049 0.056
Vmc 0.503 0.495 0.423 0.459 0.542 0.473 0.550 0.624 0.607 0.512 0.620 0.484
Spd 0.002 0.001 0.003 0.002 0.002 0.003 0.002 0.002 0.003 0.001 0.002 0.002
Spc 0.83 0.74 1.14 0.97 1.26 1.03 1.65 1.50 1.30 1.78 1.37 1.30
3. Top 1 mm
0.5% MBR TH
Sq (x104) 1.440 1.430 1.740 1.420 1.530 1.470 0.772 1.140 1.340 1.390 1.190 0.825
Sa (x104) 0.662 0.683 1.090 0.678 0.789 0.718 0.130 0.389 0.552 0.615 0.433 0.160
Vmp 0.036 0.034 0.026 0.034 0.032 0.034 0.007 0.020 0.030 0.034 0.023 0.008
Vmc (x104) 0.728 44.60 426 39.50 133 62.80 0.057 0.352 0.547 0.692 0.411 0.091
Spd 0.006 0.012 0.021 0.008 0.015 0.017 2  104 0.007 0.010 0.005 0.008 0.001
Spc 2.99 3.50 3.58 3.11 4.20 4.69 5.55 4.92 7.91 3.38 6.40 4.20
4. Top 2 mm
0.5% MBR TH
Sq 0.437 0.434 0.449 0.437 0.465 0.445 0.172 0.357 0.413 0.433 0.374 0.209
Sa 0.338 0.347 0.362 0.350 0.380 0.357 0.040 0.233 0.301 0.339 0.251 0.071
Vmp 0.039 0.035 0.026 0.034 0.032 0.034 0.020 0.035 0.044 0.038 0.028 0.036
Vmc 0.296 0.334 0.434 0.398 0.406 0.405 4  105 0.107 0.187 0.289 0.122 1  104
Spd 0.014 0.019 0.020 0.018 0.011 0.013 0.003 0.020 0.024 0.014 0.005 0.004
Spc 3.41 4.06 4.22 3.75 4.98 5.45 5.56 5.90 9.73 3.92 7.85 5.12
Grip number 0.23 0.21 0.21 0.23 0.21 0.22 0.2 0.22 0.25 0.23 0.19 0.2
Note: S: Scenario, SN: South-North, MBR: Material bearing ratio, TH: Threshold, Sq: Root mean square height (mm), TP: Texture parameter, Sa: Arithmetic mean height (mm),
Vmp: Peak material volume at 10% MBR (mm3/mm2), Vmc: Core material volume (mm3/mm2), Spd: Density of peaks (1/mm2), Spc: Arithmetic mean peak curvature (1/mm2).
The texture parameters are approximated values so may result in slightly different R-values from those in Figs. 5–8. The locations in the SN lane are in terms of distance from
the start of the pavement sections in the NS direction.
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Table 5
Stepwise linear regression analysis.
Scenario Lane Variable retained/Source Value Pr > |t| R2
1. Surface after form removal NS Intercept 0.429 <0.0001 0.463
Sq 0.129 0.015
SN – – – –
All Intercept 0.202 <0.0001 0.311
Spd 16.61 0.005
2a. Roughness surface NS Intercept 0.391 <0.0001 0.419
Sq 0.528 0.023
SN and All – – – –
2b. Waviness surface NS Intercept 0.429 <0.0001 0.457
Sq 0.131 0.016
SN – – – –
All Intercept 0.194 <0.0001 0.534
Vmp 2.023 0.012
Spd 38.93 0.001
Spc 0.042 0.001
3. Top 1 mm of surface after 0.5% MBR removal SN Intercept 0.191 <0.0001 0.341
Vmp 0.959 0.046
NS and All – – –
4. Top 2 mm of surface after 0.5% MBR removal NS Intercept 0.187 0.000 0.759
Vmp 2.656 0.025
Spd 1.834 0.036
SN Intercept 0.155 <0.0001 0.750
Vmp 1.404 0.025
Spd 1.092 0.047
All Intercept 0.148 <0.0001 0.615
Spd 5.212 <0.0001
Spc 2.101 0.048
Note: NS: South-North, SN: South-North, MBR: Material bearing ratio, Sq: Root mean square height (mm), Vmp: Peak material volume at 10% MBR), Spd: Density of peaks,
Spc: Arithmetic mean peak curvature.
Pr > |t|: Significance probability, R2: Coefficient of determination.
R.B. Kogbara et al. / Construction and Building Materials 166 (2018) 227–240 239data points for the surface without form, and Vmp for the SN lane
for the top 1 mm of the surface had low R2 (0.34) values. Simi-
larly, the variables, Vmp, Spd and Spc, in the model for all data
points for the waviness surface negatively or weakly correlated
with the grip number; resulting in a relatively low R2 (0.53)
(Fig. 6d, f and Table 5). Hence, Scenarios 1–3 did not yield any rea-
sonable model.
In contrast, the top 2 mm of the surface (Scenario 4) had reason-
able models incorporating the Spd and Vmp for each of both lanes
(Table 5). However, the Vmp is not significant when all data points
from both lanes are considered. The Spc is retained in the model for
all data points (alongside the Spd, Table 5) due to its p-value. Nev-
ertheless, it weakly correlated (R2 = 0.02, Fig. 8f) with the grip
number and was not applicable for each of both lanes. As men-
tioned previously, both lanes of the pavement had slightly different
textures and levels of polishing. Hence, the Vmp at 10% MBR (i.e.
the top 10%) would be a lot more sensitive to small changes on
the pavement surface than the Spd. This probably accounts for
the Spd having a higher correlation for all data points from both
lanes and significantly explaining the variability of the grip num-
ber than the Vmp. The foregoing implies that the Spd and the
Vmp show the best correlations with the grip number, but the
Spd is more influential. Therefore, from the parameters in Table 5,
the following are the acceptable regression equations:
GN ¼ 0:187þ 2:656Vmpþ 1:834SPd ð1Þ
GN ¼ 0:155þ 1:404Vmpþ 1:092SPd ð2Þ
Where, GN. the grip number, while Vmp. d Spd. e as defined previ-
ously. Eqs. (1) and (2) are applicable for the NS and SN lanes,
respectively.4. Conclusions and recommendations
This study evaluated the relationship between texture parame-
ters derived from CRP measurements using a handheld camera andpavement friction measured using a GripTester. The results show
that the lane with higher grip numbers generally had higher indi-
vidual texture (especially feature) parameters. Nevertheless, no
meaningful correlations were obtained using CRP 3D models of
the pavement surface after form removal, and its separation into
microtexture and macrotexture. The same applies to using the
top 1 mm of the surface after 0.5% MBR thresholding. Therefore,
the entire region described by the CRP model of the surface after
form removal and its separation into microtexture and macrotex-
ture does not directly explain tire-pavement interaction. However,
the use of the top 2 mm of the pavement surface after 0.5% MBR
thresholding led to meaningful texture-friction correlations. It is
hypothesized that this is because the area described by the top 2
mm of the surface actually interacts with the GripTester-
measuring tire. In contrast, the region covered by the top 1 mm
insufficiently characterizes tire-pavement contact. Stepwise
regression indicated that the texture parameters, Spd and Vmp,
show the best correlation (R2 = 0.75–0.76) with the grip number,
but the Spd has more influence than the Vmp. Thus, the density
of peaks on the pavement surface and the volume of peak material
should influence asphalt mixture design for pavement
construction.
It is recommended that future studies investigate different
pavement sections with different types of aggregates and asphalt
mixtures. Further work may also investigate the texture-friction
relationship(s) studied here using different grip tester speeds, since
the test speed affects the grip number.Acknowledgements
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